Electronic structure of nickel nanoparticles encapsulated in carbon was characterized by photoelectron, X-ray absorption, and X-ray emission spectroscopies. Experimental spectra are compared with the density of states calculated in the frame of the density functional theory.
Introduction
Metallic nanoparticles have potential applications in many technical and biological fields (drug delivery, cancer diagnostics, catalysis etc.). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In order to prevent metallic nanoparticles from oxidation and agglomerations upon thermal treatments, they are encapsulated in carbon. [12] [13] [14] [15] Metallic nanoparticles wrapped in carbon layers can retain the intrinsic properties of metals at nanoscales.
Magnetic properties of these systems depend on sizes of the particles as well as their degree of crystallinity and the chemical state. Carbon-coated ferromagnetic metal nanoparticles are predominantly single domain and display the superparamagnetic behavior. 11 Moreover, the carbon coatings can endow magnetic particles with biocompatibility and stability in many organic and inorganic media. [5] [6] [7] [8] [9] 14 The instability, large aggregation, and rapid biodegradation of the pure uncoated (naked) magnetic nanoparticles could be overcome by replacement of the naked magnetic nanoparticles by the encapsulated ones, since the intrinsic properties of the inner magnetic cores in this case are well protected by outer carbon shells, which in turn gives many possibilities for further modification. Besides, the combination of carbon coating and metallic cores having 'coreshell' structure provides unusual catalytic properties to these nanocomposites. 13, 14 However, up to now, the nature of the catalytic activity of the mentioned nanoparticles is still an open question.
Initially, we have studied carbon encapsulated nickel and iron nanoparticles by means of X-ray absorption and photoelectron spectroscopy methods. 16 We have found that Fe and Ni cores are in metallic states and carbon coating protects the metallic nanoparticles from the environmental degradation. In the present paper we have concentrated the main attention for study of Ni@C nanoparticles. The previous studies are completed (i) by measurements of X-ray emission spectra (XES), (ii) by studies of Ni@C nanoparticles after 2 years storage, (iii) by calculations of the electronic structure of Ni@C using the density functional theory (DFT) for different models of carbon coating. We will show that the carbon shell of Ni nanoparticles can be described by multilayer graphene with some amount of Stone-Wales defects.
Experimental and calculation details
Nanocomposites Ni@C were produced by evaporation of overheated (∼ 2000 • C) Ni liquid drop by blowing up a buffer inert gas (Ar) containing a hydrocarbon as described in our earlier paper. 16 The melting of Ni drop performed by induction levitation system which provides clean conditions (no impurities and oxygen) for the obtained nanocomposites. The morphological characteristics and the structural parameters of the composites were analyzed by high-resolution transmission electron microscopy. Ni@C particles sizes are in the range of a few nanometers up to about 20 nm.
Our first spectral measurements were carried out within 2 days after preparing the Ni@C sample. 16 Replicates of the experiments were made after two years on the same Ni@C sample.
The C Kα X-ray emission spectrum (XES) was measured at the beamline 8. We have measured also spectra of reference samples: Ni metal, NiO and highly oriented pyrolytic graphite (HOPG).
The calculations of the electronic structures of Ni@C nanoparticles were carried out with help of the density functional theory (DFT) using the pseudo potential SIESTA code, 17, 18 within the framework of the local density approximation (LDA). 19 For the simulation of the atomic structure Ni@C nanoparticles, we have performed optimization of the geometric structure for several model systems, and then compared the obtained electronic structure with the experimental spectra.
Results and discussion
Photoelectron spectroscopy is a feasible method for characterization of chemical states of materials and for providing information about the occupied electronic states. These results demonstrate high efficiency of carbon protecting layers. Note, Cho et al. 21 found that Au-coated Fe nanoparticles are oxidized after one month. Therefore carbon protects 3d metal against oxidation much better than gold.
Information about unoccupied carbon 2p states can be obtained from C 1s X-ray absorption spectra. C 1s X-ray absorption spectra of carbon encapsulated nanoparticles from the spectrum of the as-prepared Ni@C sample is presented.
The features a and b located below the π * resonance can be seen also in graphene C 1s XAS spectra. [22] [23] [24] [25] [26] These features are located a little lower than the Fermi level estimated from our C 1s X-ray photoelectron spectrum (284.5 eV). It was suggested 22 that the observed transition energy is determined by final state effects. Therefore, empty states can be observed below the Fermi level determined by XPS (see [ figure] [3][]3). An analogous peak in C 1s XAS of nanographite grains growth on Pt(111) was attributed to a zigzag edge-derived electronic state. 22 Hua et al. 26 showed that this peak is determined by defects and should not be present in an ideal graphene sheet. Note, an analogous feature at 284.5 eV (peak b) in the spectra of carbon nanotubes was attributed to the rolling (helicity) of the carbon layers of nanotubes. 27 The peaks analogous to d and e in the spectra of Ni@C can be seen in the spectra of graphene 24 and, according to the work of Hua et al., 26 observed only for the Ni@C sample stored in air for 2 years. According to our X-ray photoelectron measurements, the sample Ni@C (2) is partly oxidized. Therefore, one should assigned these features to contaminations by a COOH group and/or C-H due to oxidation. 28 The presence of functional groups in the Ni@C (2) nanoparticles can be confirmed by the C 1s photoelectron spectra shown in [figure] [3] []3. The spectrum of as-prepared Ni@C (1) shows one C 1s peak at 284.5 eV with an asymmetric line shape attributed to sp 2 bonded carbon atoms in reference to the XPS studies of graphite 29 or carbon nanotubes. 30 The C 1s XPS spectrum of
Ni@C (2) is more complicated and, in order to separate signals from functional groups, we have deconvoluted it into four peaks. As for Ni@C (1), the prominent peak at 284.5 eV reveals C-C interactions. The additional peaks in the C 1s XPS spectrum of Ni@C (2) The contributions of these functional groups to the C 1s XPS spectrum of Ni@C (2) (1) Ni@C (2) OH O = C -OH Figure 3 : C 1s X-ray photoelectron spectra of of as-prepared Ni@C nanoparticles (1) and Ni@C stored in air for 2 years (2). The spectra of the Ni@C (1) and Ni@C (2) samples are measured at the excitation energies of 950 eV and 1486.6 eV, respectively.
Calculations of the electronic structure of the carbon shell of Ni@C were carried out for a few layer graphene (FLG), i.e., 6 layers of graphene with Bernal (AB) stacking, one and three graphene layers on Ni (111). The starting geometric structure was taken from the work of Giovannetti et al. 35 Stone-Wales (SW) defects 36 were used in our model because of non-planarity of graphene layers folded around spherical particles. In order to examine the role of SW defects for the electronic structure the calculations for graphene monolayers containing a SW defect per For comparison of the theoretical results with our experimental X-ray emission and absorption spectra, we have simulated the C 2p density of states of Ni@C as the sum of DOS for a graphene monolayer with SW defects multiplied by three and the DOS for three layers of graphene on Ni(111). The simulated DOS and experimentally measured C Kα X-ray emission (XES) and C 1s X-ray absorption (XAS) spectra of Ni@C (1) and C Kα XES spectra shows that the most appropriate structural model for the carbon coating of Ni@C particles is graphene multilayers with high concentration of SW defects (one per 18 carbon atoms -about 6 %) but some electronic contribution from the nearest to the Ni core carbon shells should be taken into account.
The similarity of C Kα XES and C 1s XAS spectra of Ni@C ([figure] [6] []6) with those of polymerized fullerene 39, 40 evidences the presence of not only hexagonal but also pentagonal rings of carbon atoms. The presence of these defects leads to increased chemical activity of carbon encapsulated metals in comparison with that of flat carbon systems, 41 which is experimentalyl confirmed by surface oxidation of the Ni@C (2) sample. The appearance of Stone-Wales defects caused by spherical shape of the particles or reconstruction of the defects on the graphene-nickel interface was found experimentally 42, 43 and theoretically. 44 
Conclusions
In summary, we have studied the electronic and atomic structures of carbon-coated Ni nanoparticles by means of X-ray absorption, emission, and photoelectron spectroscopies and DFT calcula- 
